The mitotic checkpoint maintains genomic stability by blocking the metaphase-anaphase transition until all kinetochores attach to spindle microtubules [1, 2] . However, some defects are not detected by this checkpoint. With low concentrations of microtubule-targeting agents, the checkpoint eventually becomes satisfied, though the spindles may be short and/or multipolar [3, 4] and the fidelity of chromosome distribution and cleavage completion are compromised. In real life, environmental toxins, radiation, or chemotherapeutic agents may lead to completed but inaccurate mitoses. It has been assumed that once the checkpoint is satisfied and cells divide, the daughter cells would proliferate regardless of prometaphase duration. However, when continuously exposed to microtubule inhibitors, untransformed cells eventually slip out of mitosis after 12-48 hr and arrest in G1 [5] [6] [7] [8] (see also [9] ). Interestingly, transient but prolonged treatments with nocodazole allow completion of mitosis, but the daughter cells arrest in interphase [10, 11] (see also [9, 12] ). Here we characterize the relationship between prometaphase duration and the proliferative capacity of daughter cells. Our results reveal the existence of a mechanism that senses prometaphase duration; if prometaphase lasts >1.5 hr, this mechanism triggers a durable p38-and p53-dependent G1 arrest of the daughter cells despite normal division of their mothers.
Summary
The mitotic checkpoint maintains genomic stability by blocking the metaphase-anaphase transition until all kinetochores attach to spindle microtubules [1, 2] . However, some defects are not detected by this checkpoint. With low concentrations of microtubule-targeting agents, the checkpoint eventually becomes satisfied, though the spindles may be short and/or multipolar [3, 4] and the fidelity of chromosome distribution and cleavage completion are compromised. In real life, environmental toxins, radiation, or chemotherapeutic agents may lead to completed but inaccurate mitoses. It has been assumed that once the checkpoint is satisfied and cells divide, the daughter cells would proliferate regardless of prometaphase duration. However, when continuously exposed to microtubule inhibitors, untransformed cells eventually slip out of mitosis after 12-48 hr and arrest in G1 [5] [6] [7] [8] (see also [9] ). Interestingly, transient but prolonged treatments with nocodazole allow completion of mitosis, but the daughter cells arrest in interphase [10, 11] (see also [9, 12] ). Here we characterize the relationship between prometaphase duration and the proliferative capacity of daughter cells. Our results reveal the existence of a mechanism that senses prometaphase duration; if prometaphase lasts >1.5 hr, this mechanism triggers a durable p38-and p53-dependent G1 arrest of the daughter cells despite normal division of their mothers.
Results and Discussion
Asynchronous cultures of RPE1 (untransformed human) cells were mounted in observation chambers with drugs that prevent satisfaction of the mitotic checkpoint. Individual cells were continuously followed by time-lapse video microscopy. After 6 hr, the drugs were removed and replaced with bromodeoxyuridine (BrdU)-containing medium for further observation of the same fields for up to 100 hr. Preparations were then fixed for analysis of BrdU incorporation or p53/p21 expression in the progeny of the mother cells previously followed in vivo. Because cells entered mitosis at different times, those that entered mitosis early spent several hours in prometaphase before drug washout. Those entering mitosis shortly before drug removal spent little extra time in prometaphase. All cells were exposed to the drug for the same amount of time, and none slipped into interphase during prolonged prometaphase [5] .
In 0.08 mM nocodazole, cells assembled short bipolar spindles or monopolar spindles, both with mono-oriented chromosomes ( Figure 1A ). After drug removal, all cells rapidly recovered and divided in a normal fashion (see Figure S1A available online). All daughters of mother cells spending less than w1.5 hr in prometaphase proliferated with normal kinetics ( Figure 1B ; Movie S1). All daughters of mothers that spent more than w1.5 hr in prometaphase arrested in G1 ( Figure 1B ; Movie S2) as determined by interphase arrest and lack of BrdU incorporation. Two hours after nocodazole removal, all daughters of mothers spending >1.5 hr in prometaphase showed elevated nuclear p53 expression, and at 48 hr, 100% showed p21 expression indicating an enforced arrest ( Figure 2A ). Primary human fibroblasts behaved the same, except that they needed to be held in prometaphase for >2 hr for their daughters to arrest in G1 ( Figure S1B ).
The same experiments were conducted using 100 mM monastrol, a kinesin Eg5 inhibitor that prevents centrosome separation ( Figure 1A ). Daughters of mothers held in prometaphase for <1.5 hr progressed through interphase and divided repeatedly with normal kinetics. Daughters of mothers held in prometaphase for >1.5 hr arrested ( Figure 1C) ; none incorporated BrdU and all tested exhibited elevated p21 expression (data not shown). Primary human fibroblasts behaved the same, except that prometaphase durations > 2 hr caused the daughters to arrest in G1 ( Figure S1C ).
We prolonged prometaphase with Taxol, which delays satisfaction of the mitotic checkpoint by promoting microtubule assembly and stability [4, 13, 14] . We exposed cultures to 5 mM Taxol for 10 min and followed individual cells as they entered mitosis. The cells took 11-219 min to satisfy the mitotic checkpoint. Mother cells spending shorter amounts of time in prometaphase produced daughters that proliferated, whereas long times spent in prometaphase produced daughters that arrested in G1 as determined by lack of BrdU incorporation ( Figure 1D ). Two tripolar divisions were not counted.
To control for filming conditions and provide a larger sample size, we treated cultures with 0.08 mM nocodazole for 4 hr, shook off mitotic cells, and cultured them in drug plus BrdU for another 2 hr (prometaphase durations thus ranged from 2 to 6 hr). After nocodazole removal, cells were cultured in dishes before fixation for BrdU and p21 immunolocalization at 24-96 hr. Almost all daughters arrested in G1 and expressed p21 ( Figure 2B ). At 168 hr (7 days), the dishes contained some dead daughter cells ( Figure 2B ). To test whether this arrest was p53 dependent, we transfected cultures with p53 small interfering RNA (siRNA) and treated them 48 hr later with nocodazole as described above. At 24 and 48 hr after drug removal, 99% of the daughter cells and their progeny incorporated BrdU ( Figure 2B ).
We also prolonged prometaphase with 4 mM MG132, a proteasome inhibitor that blocks the metaphase-anaphase transition by preventing cyclin B destruction. Mitotic cells uniformly showed normal bipolar spindles with all chromosomes aligned on the metaphase plate within 30 min of drug application ( Figure 1A ) (see also [15] ). Mad2 and BubR1 were not present at the kinetochores ( Figure 3A ) (Mad2 n = 18; BubR1 n = 21). Thus, the checkpoint is promptly satisfied in the presence of MG132. Control cells treated with 0.08 mM nocodazole showed robust localization of both checkpoint proteins at the centromeric regions of mono-oriented chromosomes ( Figure 3A ). We treated cultures with 4 mM MG132 for 10-70 min, times well short of those inducing spindle pole fragmentation [16] . We followed individual cells already in mitosis because MG132 inhibits mitotic entry. After drug removal, all cells divided in a normal bipolar fashion. Prometaphase durations less than w1.5 hr allowed the daughters to proliferate, whereas prometaphase durations greater than w1 hr led to a durable G1 arrest ( Figure 3B ).
These results can be interpreted in two ways that are not mutually exclusive. First, the temporal separation between mitotic checkpoint satisfaction and prometaphase durations that arrest the daughters indicates that the proliferation block of the daughters can become activated after mitotic checkpoint satisfaction. Also, prolonged activity of the mitotic checkpoint in the mother cell is not required for daughter cells to arrest in G1. Second, G1 arrest of daughters after prometaphase prolongation by microtubule-targeting drugs depends on the prolonged activity of the mitotic checkpoint, whereas MG132 prolongation of prometaphase leads to a G1 arrest through a distinct mechanism, such as stress due to the lack of protein turnover.
Testing Possible Causes for G1 Arrest after Prolonged Prometaphase
When cells slip out of grossly prolonged mitosis, phospho-H2AX foci, indicative of DNA damage [17] , are seen in the reformed nuclei [18, 19] . We tested whether prometaphase durations of <6 hr produce DNA damage that could activate p53 and arrest daughter cells. Because control cells in mitosis contained sparse phospho-H2AX foci at the chromosomes (data not shown) [18, 20] , we assayed for foci in early G1 daughter cells. Cultures were treated with 0.08 mM nocodazole for 4 hr; mitotic cells were shaken off and treated for an additional 2 hr with drug (2-6 hr prometaphase). None of the daughter cells showed nuclear phospho-H2AX foci 1 hr after drug removal, even though all would have arrested in G1 had they not been fixed ( Figure S2A ). For cells held in 2-6 hr prometaphase with monastrol, 2% of the daughters showed foci even though all would have arrested in G1 ( Figure S2A ). This is consistent with a report that 8 hr monastrol treatments do not lead to phospho-H2AX expression [21] .
To validate our ability to detect sparse DNA damage, we irradiated control cultures for 5 s with UV light, shook off mitotic cells, and fixed the daughters 2 hr thereafter to allow time for mitosis completion and p53 expression ( Figure 2B ). Phospho-H2AX foci form and spread at sites of DNA damage, and p53 expression indicates activation of the DNA damage checkpoint. Most cells showed neither phospho-H2AX foci nor nuclear p53 expression, as expected from this low UV exposure ( Figure S2B ). Importantly, 44 cells showed just a few phospho-H2AX foci and p53 expression, indicating the detectability of low levels of DNA damage ( Figure S2B ). The 18 cells with few phospho-H2AX foci but no p53 expression suggest that low levels of DNA damage in a mother cell may not always be sufficient to arrest its daughters in G1. This strengthens the case that, after sufficiently prolonged prometaphase, the uniform G1 arrest of the daughters is independent of DNA damage.
We analyzed time-lapse films of individual mother cells to determine whether the time taken for the completion of mitosis correlates with the proliferative capacity of daughter cells. For daughters that arrest compared to those that proliferate, the interval from their mother cells' metaphase-anaphase transition to the start of daughter cell flattening is essentially the same ( Figure S2C) .
Nocodazole or monastrol treatments (3-8 hr) lead to an incidence of lagging, merotelically attached chromosomes after drug removal [21, 22] . Consequent chromosome gains or losses can inhibit daughter cell proliferation [21, 23] . We treated cultures with 0.08 mM nocodazole or 100 mM monastrol for 6 hr and followed individual cells to determine how long each was held in prometaphase. The drugs were washed out with fresh medium rather than phosphate-buffered saline, and the cultures were fixed 50-60 min later when cells were in late anaphase/early telophase. The 3%-4% incidence of lagging chromosomes for cells held >1.5 hr in prometaphase does not explain the expected uniform G1 arrest of their daughters ( Figure S3A) .
We tested whether increased p53 expression during prolonged mitosis [24, 25] could explain the G1 arrest of daughter cells. We found no systematic increase in p53 expression levels for cells held in prometaphase for 3.75 hr relative to those held in prometaphase for 45 min ( Figure S3B ). Nevertheless, these observations do not rule out the possibility that p53 could be activated, regardless of its expression levels, during prolonged prometaphase.
p38 Activity Participates in the G1 Arrest of Daughter Cells We treated cultures with 0.08 mM nocodazole plus 10 mM SB 203580 and washed both out after 6 hr. SB 203580 blocks p38 activity by binding to the ATP pocket but does not prevent its activation [26] . Prometaphase durations < 1.5 hr allowed daughters to proliferate, whereas longer prometaphase durations uniformly led to a G1 arrest ( Figure 4A ). Thus, p38 activity during prolonged prometaphase is not required for the G1 arrest of the daughter cells. However, when we continuously applied SB 203580 just after we washed out the nocodazole, all daughters proliferated repeatedly, regardless of their mothers' prometaphase durations ( Figure 4B ). We obtained the same results using monastrol to hold cells in prometaphase (data not shown). For MG132-treated cells, continuous p38 inhibition moved the break point between prometaphase durations that do and do not allow daughter cell proliferation to w1 hr longer prometaphase times for the mother cells ( Figure S3C) .
Lastly, we treated cultures with 0.08 mM nocodazole for 6 hr and followed individual cells. After drug removal, we transiently introduced SB 203580 to allow the daughter cells, which otherwise would have arrested in G1, to become committed to the next cell cycle. For mothers held >1.5 hr in prometaphase, all daughters remaining in view divided again with normal timing. Remarkably, all of their daughters (the ''granddaughters'') still in view arrested in G1 for at least w149 hr despite having been born from mitoses of normal duration ( Figure 4C ). In the same preparations, we also followed the progeny of mother cells held in prometaphase for <1.5 hr; all remaining in view divided several times before the film runs were terminated.
Our results reveal the existence of a mechanism that senses prometaphase duration, and if it lasts more than w1.5 hr in RPE cells and more than w2 hr in primary fibroblasts, an irreversible p38-and p53-dependent block to daughter cell proliferation is decisively activated. What activates the p38-p53 pathway is not clear, though it does not appear to be DNA damage, chromosome missegregation, increased p53 expression, or prolonged time for mitosis completion after anaphase onset. The facts that similar results were obtained with four drugs with completely different modes of action and that all cells for any given experiment were exposed to the drug for the same duration argue against the possibility that our results are due to pleiotropic effects of the drugs. (B) Duration of mother cell prometaphase and the proliferative capacity of their daughter cells when p38 activity is inhibited after prolonged prometaphase. Cells were held in prometaphase with 0.08 mM nocodazole alone, and SB 203580 was continuously applied after nocodazole removal. (C) Consequences of prolonged prometaphase are irreversible. We followed individual cells exposed to 0.08 mM nocodazole for 6 hr. After drug removal, SB 203580 was transiently introduced for 3-18 hr to allow daughters that would otherwise have arrested in G1 to become committed to the next cell cycle. The top panel diagrammatically shows the behavior of the progeny of 43 mothers that were held in prometaphase for >1.5 hr. The number of progeny still in view is indicated. All progeny showed the same behavior. All ''granddaughters'' arrested in G1 despite being born of mitoses of approximately normal duration (average 24 min, range 10-49 min from cell rounding to daughter cell flattening; controls average 27 min, range 18-36 min). The bottom panel shows the behavior of the progeny of 33 same-preparation mothers held in prometaphase <1.5 hr. All ''granddaughters'' proliferated.
Our experiments are self-controlling for drug application and transient reversion of prophase cells into interphase when exposed to microtubule poisons [27] .
The cell has a remarkably limited tolerance for prometaphase duration even though the mitotic checkpoint can hold it in mitosis for 12-48 hr before slippage into interphase. Because prometaphase/metaphase lasts up to 30 min for RPE1 cells and at most 72 min for primary cells, the mechanism that senses prolonged prometaphase is not seemingly directed toward normal resolvable problems in kinetochore attachment during spindle assembly. Rather, it could serve as a backup for the mitotic checkpoint to handle persistent spindle assembly defects caused by environmental toxins, which are never completely resolved but eventually allow mitotic checkpoint satisfaction [3, 4] . Short and/or multipolar spindles degrade the fidelity of chromosome distribution and cleavage, thereby compromising genomic integrity and promoting transformation [28] .
Experimental Procedures
Cell Culture, Drugs, and Immunofluorescence hTERT-RPE1 cells and human primary foreskin fibroblasts (BJ strain from American Type Culture Collection) were cultured as described previously [29] . For the transient p38 inhibitor experiments, we used RPE1 cells stably expressing GFP-centrin 1 (a centriole marker) [29] to determine the cellcycle stage at which the granddaughter cells arrested by counting centrioles (two in G1). Nocodazole, monastrol, paclitaxel (Taxol), BrdU, and SB 203580 were purchased from Sigma-Aldrich; MG132 was obtained from AG Scientific. Validated and annealed siRNA against p53 was purchased from Ambion (Silencer, #51193) and diluted into a 50 mM stock solution with nuclease-free water. Two microliters of stock solution was mixed with 5 ml of Lipofectamine (Invitrogen) and then introduced onto RPE1 cells for 2 hr; the cells were then washed and cultured for 48 hr. For the nocodazole and monastrol experiments involving the inhibition of p38, SB 203580 either was introduced along with the other drugs and washed out along with them or was introduced along with BrdU just after nocodazole or monastrol was washed out.
Monoclonal anti-BrdU antibody (BD Biosciences, 555627), monoclonal a-tubulin antibody (Sigma-Aldrich, T5168), polyclonal pericentrin antibody (Abcam, ab4448), human CREST autoimmune serum (Immunovision), monoclonal Ki-67 antibody (BD Biosciences, K72820), monoclonal p53 antibody (Santa Cruz, DO-1, sc-126), polyclonal p21 antibody (Abcam, ab796), monoclonal BubR1 antibody (BD Biosciences, 612502), and polyclonal phospho-H2AX (Ser139) antibody (Millipore, 07-164) were used as described previously [29] . Polyclonal Xenopus Mad2 antibody was a gift from Gary J. Gorbsky (University of Oklahoma Health Sciences Center). Observations were made with a Leica DMR series microscope equipped with phase-contrast and fluorescence optics. Images were recorded with a Retiga EXi camera (QImaging Corp.) and SlideBook software (Intelligent Imaging Innovations, Inc.).
Prolonging Prometaphase
Coverslips bearing asynchronous cells were assembled into observation chambers [30] with medium containing 0.08 mM nocodazole or 100 mM monastrol, and fields of cells were continuously followed by video time-lapse microscopy at 37 C for 6 hr. After 6 hr, the view field was marked with a diamond scribe, the bottom of the observation chamber was removed, the drug was washed out with fresh medium several times, and the chamber was reassembled with fresh medium containing BrdU for further observation of the same microscope fields for up to 100 hr. During the film runs, the medium was changed every 2 days. The duration of prometaphase is defined here as the interval from when the cells rounded up to anaphase onset as seen by chromosome disjunction or the sudden start of cell elongation. Completion of mitosis is defined here as the interval from anaphase onset to the start of daughter cell flattening. At the end of the time-lapse runs, the cultures were fixed for analysis of BrdU incorporation or p53/p21 expression in the progeny of the cells previously followed in vivo. Live-cell imaging was conducted with Olympus BH-2 or Leica DMRXE microscopes equipped with phase-contrast optics. Images were taken with Orca ER, Orca 100 (Hamamatsu), and Retiga EXi (QImaging Corp.) cameras; acquired with SimplePCI software (Hamamatsu); and exported as AVI movies.
For the Taxol experiments, asynchronous cells on coverslips were exposed to 5 mM Taxol for 10 min, the drug was washed out and replaced with medium containing BrdU, and individual cells were followed by time-lapse video microscopy for up to 100 hr at 37 C. For the MG132 experiments, asynchronous cells on coverslips were exposed to 4 mM MG132 for 12-70 min, the drug was washed out with medium containing BrdU, and individual cells were followed by time-lapse video microscopy for up to 100 hr. Because 4 mM MG132 blocks cells from entering mitosis, we followed only those cells already in mitosis. At the end of the time-lapse runs, the cultures were fixed for analysis of BrdU incorporation in the progeny of the cells previously followed in vivo.
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